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Chapter 1
I
Introduction
Mixtures of gases and liquids arc often encountered In long oii and gas
pipelines, th e  type of multiphase flows which occurs in the pipelines are 
shewn in figure 1. Bubble flow, according hi Brodkey (1967), occurs when 
bubbles of gas move along the upper part of the pipe at approximately the 
same speed as the liquid. In plug flow, alternate plugs of liquid and gas 
move along the top portion of the pipe. Stratified flow is characterized by 
liquid flowing along the bottom of the pipe and the gas flowing over a 
smooth liquid-gas interfaces. Wavy flow is sim ilar to stratified expect 
that the gas moves at a higher velocity than the liquid and the interface is 
disrupted by waves moving in the direction of flow. In slug flow, the gas 
moves at high velocities and picks up the roll waves, and forms a slug 
which is moving at a higher speed than the average liquid velocity. 
Annular flow occurs when the liquid flows in a thin film around the inside 
wall and the gas flows at high speeds as the central core. In spray flow, 
the liquid is entrained as a spray, which is produced by the high-velocity 
gas ripping the liquid off the crests of roll waves. Due to the high flow 
rates required to meet the demand of the pipelines, the most commonly 
used regime is slug flow. However, slug flow is highly turbulent and is a 
major cause of scouring and corrosion that occurs within the pipes. The 
pipelines which are in operation today, have been designed without a lack 
of understanding of slugs, therefore, it is very critical to understand the 
mechanisms and characteristics of slug flow.
Jepson (1965, 88) has shown that slugs were hydraulic jumps 
propagating along a pipe by examining the Froude number of the liquid film 
ahead of the slug and in the slug body, proving that the flow changes from
super to subcritical, which is a definitive characteristic of the hydraulic 
jump. He described that in the front of the slug there is a mixing vortex 
present, Which propagates ever the liquid dim ahead of it am i entrOine 
gas in die premess. Air entrainment, together with the shear stress a t the 
wall at different locations are examined in this experiment. A ir 
entrainment w ill be studied by checking that the liquid fraction in the 
slug body is a function of the Froude number ahead of the slug, which was 
shown by Jepson in 1986. The shear stress at the wall and the turbulent 
intensity of the slug will be measured using probes at various locations 
along the stationary jump. According to Jepson (1990), the shear stress 
on the wall will decrease with distance, as it approaches the front of the 
slug and then increase at distances downstream from the slug body. The 
turbulent intensity will be shown to function in a manner opposite from 
the wall shear because it will peak at the front of the jump and then 
decrease at distances downstream from the jump. Jepson has predicted 
that the wall shear stress and the turbulent intensities are a function of 
the Froude number. This study will also check the effect the Froude 
number has on pressure drop across the slug. According to Jepson (1990), 
the pressure gradient across the slug should increase as the Froude 
number increases. This experiment will prove the dependency of air 
entrainment, turbulent intensity, the wall shear stress, and the pressure 
gradient across the slug, on the Froude number of the liquid film.
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Review of the Literature
Art important characteristic of the hydraulic jump that has N a n  
carefully studied is its ability to entrain air. Kalinski and Robertson 
(1943) claimed that the hydraulic jump is very useful in removing air 
from the closed conduit. The turbulent action of the jump entrains and 
pumps air into the conduit beyond the jump. They found that at low flow 
rates and low slopes of the conduit, a single long pocket of air beyond the 
jump did not form. When a single pocket was formed, the air at this 
downstream pocket was under higher pressure than the air ahead of the 
jump. In the Kalinski and Robertson study, it was shown that there is a 
critical point where the rate of air pumped into the jump exceeded the 
rate air was carried along the pipe beyond the jump. The critical point is 
a function of the Froude number. The rate of air entrainment was shown 
by the study to be largely dependant on the Froude number of the flow 
ahead of the jump.
Air entrainment is not the only characteristic of the jump that is 
dependant on the Froude number. Kindsvater (1943) claimed that the 
length of the jump is also a function of the Froude number. As the Froude 
number increases, the length ' the jump increases. He has also shown 
that the length of the jump is dependant on the liquid film height. In his 
study varying the liquid film height had an effect on the jump length. As 
the film height was increased, the ratio of length of the hydraulic jump 
increased. Kindsvater's study examined another characteristic of slug 
flow that is dependant on the Froude number.
The Froude number of the liquid film is a big factor in the study of slug 
flow. Jepson (1988) has shown that different types of slugs appear at
different Froude numbers. He found that at low gas velocities and very 
high liquid velocities, slugs were shown to propagate slowly. In this type 
o f jump no mixing takes place at the front of the jump and no gas i f  
entrained. This type of jump is milled an undular jump. As the Froude 
number m u  increased, it was found that higher rates of mixing and air 
entrainment occur. The strength of the jump also increased with a higher 
Froude number. The rate of air entrainment, the rate of mixing, and the 
strength of the jump are all effected by the increases of the Froude 
number. These effects are shown in figure 2.
Some aspects of the jump are not understood. A survey was done on 
how the hydraulic jump dissipates, but nothing substantial was found. 
Studies done by Stoker (1957) and Lighthill (1978) speculated that the 
dissipation was due to effects of pressure across the jump in open 
channels. However, no work of this kind has been done in closed conduits. 
This type of work would lead to a better understanding of the hydraulic 
jump.
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Apparatus
The experimental work on slug flow was (tone in a 115 mm outside 
diameter horizontal plexiglass pipeline using air and water. The 
apparatus is shown in figure 3.
Air is forced into the system through a compressed air tank. It is 
controlled by a regulator valve and is monitored by two rotometers 
arranged in parallel. The flow can ranrje from 0 to 10 l/min
Water is pumped from an eighty gallon stainless steel separator and 
storage tank. The flow rate is measured by monitoring the pressure drop 
across an orifice plate. The velocities range from 0 to 2 m/s.
Water combines with the air in the 10 meter plexiglass pipeline after 
it passes through a gate, which controls the liquid film height. From the 
known arc length of the film and the flow rate of water, the liquid film 
approach velocity and the film height are calculated. These' values are 
used to determine the Froude number. Air enters the pipeline through 
various taps located at the top wall of the plexiglass piping. The mixture 
then passes through a 2 meter test section and back into the separator, 
where the air is vented out to the atmosphere, and the water is recycled.
In the 2 meter test section (figure 4) the slug is held stationary and 
the measurements are made. Pressure drops across the slug are monitored 
using Miriam blue (S.G.-1.75) as a manometer fluid. A sampling tube in the 
test section collects the liquid and air mixture and forces it into a glass 
tube of known volume, from which the liquid fraction is calculated. The 
shear stress and the turbulent intensity is measured through the use of 
TSI hot film flush mounted wall shear probes mounted on the test section. 
These measurements are made by examining the wall shear at at fixed
distances from the probt as shown in figure 5. tire  nsgativs distanoos
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body and bsyond or downstream from tire slug. From that# vaiuos the 
shear stress, turbulent intensity, and liquid fractions can be calculated as 
functions of the Froude number.
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Results
The velocities and the effective height of the liquid flint were
calculated the Froude number of the liquid film was determined from
these values by the equation:
Frf-  Vf/ (gh0 ) s eqn 1
where
Vf is the approach liquid film velocity
g is the acceleration due to gravity 
he is the effective film height
Sample calculations of he, Vf and Frf are included in appendix 1. The 
Froude number of the liquid film was always found to be greater than 
unity, which means that the flow in front of the jump is supercritical, 
whereas the Froude number in the slug body is usually less than unity, and 
is subcritical flow. This shows that the slug is a hydraulic jump 
propagating in the pipe.
According to Jepson (1988), the Froude number determines the strength
of the mixing vortex before the jump and the amount of gas that passes
into the body of the slug. This is shown in figure 6, in which the liquid 
fraction (E|s) is plotted against the Froude number to give a linear
correlation. The linear relation found by Jepson is:
E|g -  1.0-.027( Frf-1) eqn 2
Figure 6 shows that the liquid fraction decreases with increasing Froude 
r umber. This is due to the substantial increases in velocities, which 
correspond to high Froude numbers, and thus, more gas is entrained. Figure 
7 compares the data found in this experiment to that of the actual 
relationship and finds the results to be in close agreement. The
experimental Froude numbers and liquid fractions are included in Appendix
2.
Figures 8 through 12 show how the turbulent intensity v a r tii with 
distance. Experimental data of the distance in comparison to tne wall 
shear and the turbulent intensity is given in Appendix 3. It is dear from 
these figures, that the distance where the turbulent intensity peaks is 
always downstream from or at the front of the slug face. The turbulent 
intensity assigned to these peaks decreased with increasing Froude 
numbers of the approaching liquid film. This is because at high approach 
film velocities, the flow beyond the slug becomes homogeneous and the 
turbulent eddies are only at the face of the jump. The relationship of the 
turbulent intensity to the Froude number then becomes linear. This 
correlation is shown in figures 13 and 14. Figure 13 gives the linear 
equ&tion to be:
l,-.5360-.4097Fr, eqn 3
where It is the turbulent intensity calculated at the slug face i.e d -0  cm. 
The turbulent intensity as a function of the Froude number calculated at 
distances beyond the slug, i.e d-25cm (figure 14) showed some scatter, 
but a linear correlation could still be made between the turbulent 
intensity and the Froude number. The experimental data for the turbulent 
intensities and the wall shear in comparison to the Froude number are 
given in Appendix 4.
Wall shear stress is also plotted against distance in figures 8 through 
12. The shear stress on the wall behaves in an exact opposite manner as 
the turbulent intensity. The wall shear stress exerted by the slug 
decreases at distances approaching the front of the slug and then begins 
to increase at distances within and beyond the slug body. This is because
the pressure gradient at the mixing vortex of the slug is approaching 
minimum value. Figures 8 through 12 show that the values of th t Ih lV  
stress on the wall at fixed distances were increasing with inC ffiU ng 
Froude number. This linear relationship of the wall shear stress antf the 
Froude number is shown in figures 15 to 17. The relationship was found to 
be
tw-  -3.2956+1.6769Fr, eqn 4
where tw is the shear stress exerted on the wall. This correlation was 
found at the slug face, figure 15. As Jepson had suggested, the shear 
stress on the wall is a function of the Froude number.
Figure 18 shows the effects of the pressure drop across the slug in 
comparison to the Froude number. The experimental data is given in 
Appendix 5. It is clear from this figure that the Froude number »s directly 
related to the pressure drop across the film. The scatter is due to the 
approach velocity of the liquid film which also has some effect on the 
pressure drop.
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Conclusion
The results obtained by these experiments showed that the slug it •  
propagating hydraulic jump, because it was found that the Froude number 
ahead of the slug was always greater than unity, and the Froude number 
beyond the slug was less than unity, therefore, the slug is a hydraulic
jump.
This experiment also examined the dependance of the liquid fraction in 
the slug to the Froude number, which was substantiated by Jepson in 1988. 
It was found that as the Froude number increased, the liquid fraction 
decreased. The relationship between the liquid fraction and the Froude 
number was shown to be linear.
Also proven in this experiment, were the suggestions of Jepson that 
the wall shear stress and the turbulent intensity are functions of the 
Froude number. It was shown that the wall shear stress and the turbulent 
intensities are linearly related to the Froude number. The shear stress on 
the wall at different positions along the propagating jump was found to 
increase as the Froude number increased. The turbulent intensity, 
however decreased as the Froude number increased. The linear 
relationship was shown to exist at all locations along the propagating 
slug.
Also substantiated in this experiment were Jepson's suggestions, that 
the Frcide number is correlated with the pressure drop across the slug. 
As the Froude number increased, the pressure drop across the slug 
increased. It is clear, from this study that most characteristics of the 
slug depend on the Froude number. Therefore, a clear understanding of
supercritical flow in a pipeline would give a better comprehension of the 
mechanisms involving the hydraulic jump.
Although the slug is the most common form of fluid flow occuring in 
pipelines, it is the least understood. The difficulties in obtaining 
complete comprehension of slugs are due to its high velocities and highly 
turbulent flow. The turbulence by which the slug propagates is a major 
cause of corrosion and scouring problems within the pipelines. A better 
understanding of slug flow is required in order to solve these problems.
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Appendix 1
Sample Calculations for the Froude number 
Calculation of he
he - area of the cross section of the segment 
Width of the segment
he-  31.56 cmA2/10.87cm 
h -2.90cm
Calculation of Vf
The flow rate in the pipe was found from the pressure drop across the 
orifice plate from the relation:
QM 000-.008122-t-25.039x
x-(Ap)-5
Vf-Q/Cross Sectional area of Segment
Calculation of Frf
F rf-V f/(gh)-5
Appendix 2
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Experimental Data of the Froude number and the liquid Fraction: 
FlQUdS number—  Liquid Fraction
1. 2.72 .93
2. 3.50 .96
3. 4.17 .93
4. 4.26 .95
5. 4.60 .95
6. 4.64 .95
7. 4.90 .94
8. 5.78 .93
9. 6.59 .93
10. 6.76 .92
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Experimental Data of Distance as compared to the turbulent intensity and 
the wail shear stress
Appendix 3
At Froude Number-2.84
Distancefcm)
-50
-23
0
13
25
42
69
100
175
Froude number-3.67 
•50  
•23 
0
13
25
42
69
100
175
Froude number-4.87 
-50  
•23 
0
13
25
42
69
100
Froude number-5.57 
-50  
•23 
0
13
25
Wall ShearlN/mA2) 
2.2  
2.23 
1.82 
1.13 
.841 
.635 
.620 
.643 
.599
3.66
3.65
3.12 
2.07
1.13 
1.31 
1.27 
1.12
4.54
4.52
4.50 
4.10 
3.17
1.46
1.55
1.50
1.47
5.30
5.41
5.38 
4.93
4.38
Turbulent lntensitvt%l 
3.53
3.92 
4.27 
4.31 
5.86 
10.0 
6.03 
5.70
7.76
4.07
6.05
3.67
5.75 
13.2
6.49
3.05 
4.35 
3.25
2.75 
3.66 
3.72 
4.98
6.93
5.68 
3.30
4.59
2.50
2.60
2.77 
3.81 
3.14
mutmnemtan) Wall Shaar(N/mA2),. Turbulent lntensitvf%)
42 2.21 11.39
69 1.74 6.08
t9 0 1.86 7.17
178 1.91 3.36
fraud* number-6.41
•8 6 7.97 3.16
•2 3 7.77 2.27
0 7.83 2.83
13 7.79 3.10
28 6.16 5.66
42 3.65 9.24
69 2.71 4.01
to o 3.02 5.91
175 2.88 4.37
Froude number-6.93
-5 0 9.17 2.85
-23 8.61 3.52
0 8.77 2.52
13 8.55 2.34
25 7.52 3.01
42 4.69 7.55
69 2.90 7.88
100 3.06 5.31
175 3.07 4.04
Appendix 4
Experimental Data of wall shear stress and the turbulent intensity as 
to the Froude number.
Wall Shear (N/mA2) Turbulent lntensity(%)
daflcm d-25cm d-42cm d-Qcm d-25em
2.84 1.82 .841 .635 4.27 5.86
3J7 3.12 1.13 1.31 3.67 13.2
4.87 4.10 1.46 1.55 3.72 6.93
1.87 5.38 4.38 2.21 2.77 3.14
8.41 7.83 6.16 3.65 2.83 5.66
6.93 8.77 7.52 4.69 2.52 3.01
Appendix 5
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irimental Data on the comparison of the Pressure Drop across the slug 
the Froude number.
Froude number Pressure Drof
2.72 12.0
3.50 12.7
4.17 21.0
4.26 21.2
4.60 30.15
4.64 28.7
4.90 32.5
5.78 44.4
6.59 55.0
6.76 56.0
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FIGURE I
Figure 2. Hydraulic Jumps in Open Channel Flows (Jepson 1988)
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v —
Froude numbers 1-1.7 Undular Jump
j •- ■ -
Froude numbers 1.7-2.5 Weak Jump
Froude numbers2.5-4.5 Oscillating Jump
Froude numbers4.5-9.0 Steady Jump
Froude numbers >9,0 Strong Jump
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compressed a ir
figure 3
Schematic Diagram of the Apparatus
figure 4
Schematic Diagram of the te s t section
2 2
Figure 5
Distances from the probe where the shear stress measurements were made
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